Quantum-Dot-Spin-State Preparation with Near-Unity Fidelity

M. Atatüre, Jan Dreiser, Antonio Badolato, Atac Imamoglu

Institute of Quantum Electronics, Swiss Federal Institute of Technology, Zurich

e-mail: atature@phys.ethz.ch

Self-assembled semiconductor quantum dots (QDs) have atom-like properties such as discrete energy levels coupled by optical transitions and their coherence properties can be revealed in quantum-optics experiments. Further, QDs can also interact strongly with a spin (nuclei) and/or a charge (electron) reservoir of the solid-state environment.

We demonstrate optical pumping [1] of a single electron spin trapped in a semiconductor quantum dot [2]. Our experiments are performed on single QDs placed in a gated heterostructure which allows us to put a single excess conduction band electron. This configuration can be described by a four-level system in the trion picture. The strongly allowed trion transitions (vertical transitions) leave the resident electron spin unaltered whereas the weak transitions (diagonal transitions) lead to a net spin-flip via a Raman scattering process. The coupling strength of the weak transitions is determined by electron and heavy-light hole mixing mechanisms. In addition to these optical transitions, the hyperfine interaction of the resident electron spin with the QD nuclear spin ensemble leads to random spin-flip events, tending to equilibrate the electron spin state occupancies. Using the strong magnetic field dependence of the hyperfine interaction, we can reach a regime where the optical spin cooling rate dominates over the hyperfine-induced heating rate. With this mechanism the electron spin can be cooled from 4.2 Kelvin to 0.020 Kelvin, as confirmed by the strength of the induced Pauli blockade of the trion absorption. Within the framework of quantum information processing, this corresponds to a spin-state preparation with a fidelity exceeding 99.8%.

In parallel, we monitor the spin-state preparation fidelity to study interaction mechanisms between the QD transitions and the spin, charge and phonon reservoirs, selectively. This study reveals an interaction map identifying the regimes where the isolated artificial atom model is inadequate.
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